Background
==========

SARS-CoV-2 is a beta coronavirus, it is a positive-sense, single-stranded RNA, enveloped virus that is 50--200 nm in diameter,[@hcaa234-B1] probably derived from the bat and evolved to acquire the capability of human infection. Modes of transmission include droplet transmission, fecal--oral route, conjunctiva and fomites, either directly or through the contamination of objects with body fluids[@hcaa234-B2] and the incubation period ranges from 2 to up to 14 days, leading to the presence of a large number of asymptomatic carriers favoring the spread of the virus.

The disease associated with SARS-CoV-2 infection, defined as COVID-19, is mainly represented by a bilateral interstitial pneumonia. In fact, the virus enters the respiratory cells through the angiotensin-converting enzyme 2 (ACE-2) receptor on type II pneumocytes.[@hcaa234-B3] Clinical manifestations include a constellation of symptoms as fever, dyspnea, dry cough and more uncommonly (\<5%) gastrointestinal manifestations. The pathognomonic radiological findings are represented by bilateral lung glassy opacities at thoracic CT scan.

The latest WHO data, updated at 1 May, reported 3 090 445 confirmed cases worldwide since the start of the outbreak, from 208 countries. Countries with the highest mortality rates are Italy, Spain, Iran, France and the USA,[@hcaa234-B4] where it has reached proportions of \>10% of the cases. In Italy, over 13% of the patients with a confirmed positive test have died for COVID-19.

Despite the modest evidence on the topic, several studies have documented a negative prognosis and a higher vulnerability to the virus among older persons and those presenting with co-morbidities. In fact, although the presentation of COVID-19 is predominantly mild and asymptomatic in the age group \<14 years, a more aggressive pulmonary damage, predisposing to the development of complications (acute respiratory distress syndrome (ARDS), septic shock) and death, has been described in advanced age and more fragile subsets of patients. In fact, patients dying for COVID-19 were at least 15 years older than survivors and in over 75% of the cases presented more than two associated medical conditions (<https://www.epicentro.iss.it/coronavirus/bollettino/Report-COVID-2019_20_marzo_eng.pdf>). The leading comorbid conditions reported included hypertension (about 70% of cases), cardiovascular disease, diabetes, obesity and a prior lung disorder, conditions communed by a more severe prevalence of vitamin D deficiency.[@hcaa234-B5] In fact, previous studies have observed a significant relationships between vitamin D levels and the number COVID-19 cases and deaths, since the most vulnerable population and countries for COVID-19 are also the ones that have the most deficit in vitamin D, as shown in [Figure 1](#hcaa234-F1){ref-type="fig"}.[@hcaa234-B8]^,^[@hcaa234-B9] The aim of the current article is to provide an overview on the potential role of hypovitaminosis and the potential benefits from vitamin D supplementation during COVID-19 pandemic.
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Vitamin D metabolism, mechanisms of action and prevalence of hypovitaminosis D
==============================================================================

Vitamin D (25-hydroxycholecalciferol (25-(OH) D)) is a secosteroid that is mainly produced by the human body at the skin level, through sun exposure, and 20--30% introduced by the diet. Transformed by the organism into its active form (1,25-hydroxycholecalciferol or calcitriol (1,25(OH)2D)), it is not only the main regulator of calcium and bone homeostasis, but also a hormonal factor modulating about 3% of the human genome.[@hcaa234-B10] Vitamin D receptor (VDR), in fact, is a nuclear factor, that is expressed in most of the organs and tissues and regulates genes transcription. The main pathways of vitamin D metabolism and function are displayed in [Figure 2](#hcaa234-F2){ref-type="fig"}.
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About 85--90% of circulating vitamin D and its metabolites are linked to vitamin D-binding protein (VDBP), 10--15% to albumin, while generally \<1%, is represented by the free active form.[@hcaa234-B11]

However, the steroid of cutaneous production requires two metabolic steps to become the biologically active hormone. The first occurs in the liver and consists of the hydroxylation of the vitamin in position 25 by the cytochrome P450 (CYP2R1), with the production of 25-OH D, that is the most represented form of circulating vitamin D. The second step involves another hydroxylation that takes place mainly in the kidneys via 1-α-hydroxylase, located in the cells of the proximal convoluted tubule and regulated by the parathyroid hormone. At this level, 25-OH D is converted into 1,25(OH)2D. However, in addition to being expressed by kidney cells, the enzyme 1-α-hydroxylase is also found in cardiomyocytes, endothelial cells and macrophages, capable of paracrine production of active vitamin D. On the contrary, the hydroxylation to 24,25(OH)2D produces an inactive form of vitamin D, which represents the major pathway of regulation of the effects of vitamin D.

The endocrine society task force defines vitamin D deficiency values of 25 (OH) D \<20 ng/ml, insufficiency if between 21 and 29 ng/ml and sufficiency when ≥30 ng/ml.[@hcaa234-B12] However, a severe deficiency (\<10 ng/ml) is common, especially in certain higher-risk subsets of patients, despite the minimum levels for maintaining body homeostasis are still debated.

The progressive aging of the population, sedentary lifestyle, obesity, chronic diseases such as kidney failure and also pollution have raised the prevalence of vitamin D deficiency to pandemic proportions, that now affects over 1 billion people worldwide, with peaks of over 50% of healthy people deficient in vitamin D in certain countries.[@hcaa234-B13]^,^[@hcaa234-B14]

In Italy, several studies on vitamin D status have been performed over the past 20 years. Isaia *et al.*[@hcaa234-B15] reported 25(OH)D circulating levels \<12 ng/ml (30 nmol/l) in 76% of Italian women over 70 years of age; the InChianti study, collecting information about diet, sun exposure, disability, kidney function, levels of 25(OH)D and PTH, revealed values of serum vitamin D, on average, higher than 20 ng/ml in healthy adults, but significantly reduced in males over 60 years and females \>50 years.[@hcaa234-B16] In fact, cholecalciferol represents the most commonly prescribed among drugs reimbursed by the healthcare system in Italy, accounting for a cost raising from 24 million Euro in 2006 to over 270 million in 2018 (+16.9% since 2017 according to the data of the Italian healthcare system).

Beyond cholecalciferol: calcitriol, VDBP and genetic polymorphisms
==================================================================

Differential activation of vitamin D to calcitriol can be held responsible for the clinical manifestations of vitamin D deficiency, against comparable levels of 25(OH)D. Genetic variants of VDBP and of the 24-α hydroxylase responsible for vitamin D inactivation (CYP24A1) have been claimed for explaining over 10% of the variability of vitamin D levels.[@hcaa234-B17] In fact, carriers of the G allele of rs7041 of VDBP; a variant associated with an enhanced binding of the vitamin to its transport-protein, have been shown to display an increased thrombogenicity despite dual anti-platelet therapy, when this genetic status was associated with vitamin D deficiency.[@hcaa234-B18]

The association between 25-OH D levels, VDBP gene polymorphisms and coronary heart disease risk was also analysed by the ARIC study,[@hcaa234-B19] which found that the risk of developing coronary heart disease increased in white subjects with levels of 25(OH)D \<17 ng/ml.

Despite 25(OH)D represents the most stable and addressed parameter, it cannot be considered an equivalent measurement when compared with 1,25(OH)2D, since several factors, including genetics, can affect its transformation into the active hormonal form. In a previous study among over 5000 patients with heart failure, Zittermann *et al*.[@hcaa234-B20] showed that calcitriol is a better predictor of short- and midterm survival than 25(OH)D, probably because the serum concentration of calcitriol not only related to substrate availability, but also depend on renal function and inflammatory processes.

In addition, in a study by Verdoia *et al*.,[@hcaa234-B21] the wild-type genotype for rs2762939 of CYP24A1, responsible for a higher enzymatic activity and calcitriol inactivation, was associated with coronary calcifications.

Furthermore, the possibility of a differential, autocrine or paracrine production of calcitriol in different body districts where vitamin D exerts its effects, according to a local necessity, represents an intriguing process that is still largely unexplored, potentially playing a relevant role in the pathogenesis and modulation of acute events, especially for the cardiovascular and inflammatory disease, as the endothelium and the immune cells are expressing these hydroxylases.[@hcaa234-B22] In fact, an acute, non-genomic-dependent effect of vitamin D has also been described, mediated by the regulation of intracellular calcium, and therefore potentially interfering with muscular contraction, protein bindings, macrophages degranulations and vesicles transportation and platelet aggregation. However, these mechanisms are still largely unexplored.[@hcaa234-B23]

Vitamin D and the immune system
===============================

Vitamin D represents a hormone with a broad-spectrum effect, modulating the homeostasis of several organs and districts, in particular the immune system.

Vitamin D receptor has been identified in most immune cells, notably in macrophages, dendritic cells and activated T cells. Overall, 1,25(OH)2D controls inflammatory and immune responses keeping them within physiological boundaries.

Vitamin D, in fact, has been shown to lower the serum levels of acute-phase reaction proteins and proinflammatory cytokines, as TNF-α, interleukin (IL-6), hs-CRP and to favor an increase in the anti-inflammatory cytokine IL-10 and a shift of the lymphocytes subpopulations toward a TH2/T-reg differentiation.[@hcaa234-B24]^,^[@hcaa234-B25] Moreover, Calcitriol induces the differentiation, phagocytic capacity and anti-microbial activity of macrophages, resulting in a less tolerogenic status to foreign antigens.[@hcaa234-B26]

Experimental evidence demonstrating modulation of immune and inflammatory cell differentiation and related cytokine release suggests important roles for vitamin D metabolites in the pathogenesis of atherosclerosis, and other inflammatory chronic and acute disorders, including autoimmune disease and infections.

In fact, higher levels of vitamin D are associated with reduced risk for developing and with a lower clinical activity of multiple sclerosis, gastrointestinal inflammatory disorders, type 1 diabetes and other immune-mediated disease.[@hcaa234-B27]

In addition, it has been suggested that vitamin D could attenuate the exacerbation of the immune response responsible of the complications of infectious disorders,[@hcaa234-B28] as the ARDS, therefore playing a promising role even for the most recent COVID-19, although the latter hypothesis still deserves confirmation.

Vitamin D and atherothrombosis
==============================

The protective role of vitamin D in cardiovascular disease is well established. In fact, it has been involved in the pathogenesis of the main cardiovascular risk factors, such as arterial hypertension, diabetes mellitus, the alteration of lipid metabolism, and also in the onset of vascular calcifications, intimal thickening, ventricular hypertrophy and in the regulation of thrombotic processes.[@hcaa234-B29]^,^[@hcaa234-B30] Furthermore, vitamin D can display antioxidant, anti-inflammatory anti-thrombotic properties, that lead to endothelial dysfunction, lipid deposition and the formation of atherosclerotic plaques.[@hcaa234-B31]

In fact, vitamin D can modulate the production of nitric oxide (NO), prevent the expression of endothelial proteins for the adhesion of leukocytes, lower tissue factor, downregulate the pro-thrombotic plasminogen activator inhibitor-1 and thrombospondin-1 mRNA expression and upregulate thrombomodulin.[@hcaa234-B32]

Numerous studies have previously reported the association between hypovitaminosis D and global and cardiovascular mortality,[@hcaa234-B33] highlighting an inverse linear relationship between increased cardiovascular risk and vitamin D for each reduction of 10 ng/ml of 25(OH)D. In addition, Verdoia *et al*.[@hcaa234-B6]^,^[@hcaa234-B34] previously showed that lower levels of vitamin D were associated with a higher prevalence and severity of coronary atherosclerosis and with enhanced platelet reactivity.

However, vitamin D supplementation has not provided, so far, a significant prognostic and cardiovascular benefit in cardiovascular prevention, especially among healthy subjects.

In a meta-analysis of 11 randomized trials, Mao *et al*.[@hcaa234-B35] showed that vitamin D supplementation did not have an effect on major cardiovascular events, myocardial infarction or stroke and similar conclusions were reached by Zhang *et al*.[@hcaa234-B36] Moreover, in the recent VITAL trial,[@hcaa234-B37] randomizing over 25 000 healthy subjects to a supplementation with either n-3 fatty acid or vitamin D3 at a dose of 2000 IU/day or placebo and reporting no prognostic difference at a 5-year follow-up.

However, few well-designed, large-scale studies, powered for the evaluation of cardiovascular endpoints have been conducted so far, and especially among higher-risk patients with cardiovascular disease. In the randomized evaluation of calcium or vitamin D randomized controlled trial (RCT), treatment with cholecalciferol prevented cardiac failure among 5292 older people but did not appear to protect against MI or stroke.[@hcaa234-B38] Indeed, more promising results could be drawn by directly addressing calcitriol when compared with vitamin D. Bonakdaran *et al*.[@hcaa234-B39] reported that calcitriol supplementation could improve metabolic parameters and the control of cardiovascular risk factors among 119 patients with diabetes. Another *in vitro* study showed that calcitriol could downregulate pro-inflammatory gene expression without affecting angiogenesis and anti-inflammatory gene expression in vascular endothelial cells.[@hcaa234-B40]

Thus, the cardioprotective role vitamin D, preventing platelets activation and improving endothelial function, could result potentially relevant in COVID-19, where thrombosis and panvascular inflammation have been claimed as major determinants of the pulmonary and systemic complications of the infection.[@hcaa234-B41]

Vitamin D and renin--angiotensin system inhibitors
==================================================

An additional important function of vitamin D is the modulation of the renin--angiotensin system (RAS). Both renin activity and hypertension have been found to be inversely associated with 25(OH)D levels in clinical observational studies and additional reports have suggested that oral supplementation of vitamin D could lead to a decrease in the blood pressure.[@hcaa234-B42]^,^[@hcaa234-B43]

Moreover, in a cross-sectional study, Forman *et al*.[@hcaa234-B44] reported that individuals with vitamin D deficiency and insufficiency had greater plasma angiotensin II levels and a trend for higher plasma renin activity.

In fact, calcitriol is a negative endocrine regulator of the renin gene and it has been shown to downregulate the ACE-2.

Therefore, a potential interaction could be hypothesized between vitamin D and angiotensin-converting enzyme inhibitors or angiotensin-receptor blockers, representing commonly prescribed pharmacological treatments for hypertension and cardiovascular disease. In a previous study, rats treated with losartan during lactation showed alterations in renal function and structure, including hydronephrosis, papillary atrophy, endothelial dysfunction and aberrant endothelial structure, that were mitigated by the treatment with calcitriol.[@hcaa234-B45] Similarly, Soares *et al*.[@hcaa234-B46] among patients with end-stage renal failure, showed that the combination treatment of RASI with cholecalciferol could prevent the decline in glomerular filtration in the randomized VITAL Study paricalcitol was able to reduce albuminuria and blood pressure in patients with diabetic nephropathy who were already on RAS inhibitor therapy.[@hcaa234-B47]

This positive interaction could be of particular relevance among patients with COVID-19, where hypertension represents the most commonly associated comorbidity and angiotensin-converting enzyme inhibitor/angiotensin-receptor blockers the most common therapy. Furthermore, ACE-2 enzyme, the door for the viral infection and a mediator of acute lung injury in pulmonary infections,[@hcaa234-B48] is hyper expressed among patients receiving RAS blockers, an event that could be counteracted by vitamin D.[@hcaa234-B49]

Evidence on vitamin D supplementation in sepsis and pulmonary disease
=====================================================================

The modulatory effects of vitamin D on the immune and inflammatory response have emerged as a key point in respiratory and infectious disease.

Among 16 975 participants in NHANES III, 25(OH)D levels were inversely associated with history of community-acquired pneumonia and several additional studies and meta-analysis associated vitamin D deficiency with the risk of sepsis.[@hcaa234-B50]^,^[@hcaa234-B51]

Moreover, Dancer *et al*.[@hcaa234-B52] showed that vitamin D deficiency resulted in exaggerated alveolar inflammation, epithelial damage and hypoxia in a murine model of ARDS and Park *et al*. reported that 25(OH)D3 levels were inversely related with length of hospital stay and intensive care unit stay among in-hospital survivors to ARDS.[@hcaa234-B53]

In a previous large-scale meta-analysis, vitamin D emerged as a beneficial add-on treatment for adult patients with asthma and a potent intervention to reduce exacerbations in patients with COPD.[@hcaa234-B54] Additionally, the VITdAL-ICU randomized clinical trial showed lower hospital mortality with high-dose vitamin D in the severe vitamin D-deficient patients admitted to intensive care units.[@hcaa234-B55]

However, a large trial from the National Heart, Lung and Blood Institute PETAL Clinical Trials Network showed that a high-dose enteral vitamin D did not provide an advantage over placebo with respect to 90-day mortality or other, non-fatal outcomes among critically ill patients.[@hcaa234-B56]

In a recent large-scale meta-analysis of individual participant data, Martineau *et al.*[@hcaa234-B57] showed that vitamin D supplementation could lower the risk of acute respiratory infections, with the largest benefits being observed for daily/weekly vs. bolus doses and in patients who were very vitamin D deficient, where the risk of acute respiratory events was almost halved. Nevertheless, no data specific to the COVID-19 infection have been so far reported. Results are summarized in [Figure 3](#hcaa234-F3){ref-type="fig"}.
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Preventive role of vitamin D supplementation during COVID pandemic
==================================================================

High cost-effectiveness, safety and tolerability are the key features of vitamin D supplementation. Therefore, it has been pointed as a promising preventive measure among healthy subjects, in particular accounting for the large prevalence of deficiency subjects and its beneficial effects on survival, quality of life and several chronic disorders, whose protective effects could be even more relevant in the context of COVID-19 pandemic.

The British Dietetic Association, in fact, currently recommends, in addition to lifestyle measures and sunlight exposure, to consider taking a daily supplement containing 10 µg to ensure a healthy vitamin D status (for adults and children over the age of one).

A similar conclusion has been reached in 'The Irish Longitudinal Study on Ageing', stating that vitamin D is a potent immune modifying micronutrient and if vitamin D status is sufficient, it could benefit vulnerable adults in particular those over 70 years, also considering the restrictions to outdoor living during the COVID-19 outbreak (<https://tilda.tcd.ie/publications/reports/pdf/Report_Covid19VitaminD.pdf>; 25 April 2020, date last accessed).

In addition to empowering the immune defense, in fact, vitamin D could prevent the possibility of access of the virus to respiratory cells, by lowering the ACE-2 enzyme expression.[@hcaa234-B58] However, no evidence from dedicated studies currently supports such hypothesis.

Vitamin D supplementation for the treatment of SARS-CoV-2 infection
===================================================================

Since the initial reports of the association between hypovitaminosis D and COVID-19, vitamin D has been pointed as a potentially interesting treatment for SARS-CoV-2 infection, based on its established anti-inflammatory and anti-thrombotic properties, as summarized in [Table 1](#hcaa234-T1){ref-type="table"}.

###### 

Mechanisms of action of Vitamin D and potential interaction with SARS-CoV-2 infection

  Target site                 Vitamin D mechanism                                                                                SARS-CoV-2 mechanism                                    Vitamin D effect
  --------------------------- -------------------------------------------------------------------------------------------------- ------------------------------------------------------- -------------------------------------------------------------------------------
  **Immune system**                                                                                                                                                                      
   Macrophage                 ↑ IL-4, IL-10↓ IL-6, IL-1, IL-23, TLR, TNFα, IFN-γ↓ TF, ↑ TM↓ RAS activation,↓ ER stress and ROS   ↑ ER stress and ROS↑↑↑ TF, IL-6 and cytokines↑ APC      Anti-inflammatory, antioxidant
   T lymphocytes              ↓TH 1, ↓TH 1, ↑TREG, ↑TH 2↑ IL-5, ↑ IL-10                                                                                                                  
   B lymphocytes              ↓ Differentiation↓ Antibodies production                                                                                                                   
  **Cardiovascular system**                                                                                                                                                              
   Endothelial cells          ↓ Ca~2~ + influx↑ NO productionModulation of proliferation and migration of leukocytes             ↑ Inflammation, endothelial damage                      ↓ Endothelial inflammation, improved flow--mediated dilation↓ Atherosclerosis
   Cardiomyocytes             Myosin expression, sarcomere functionPhysiological matrix turnover and cardiac remodeling          Possible myocytes infection                             ↓ Cardiac hypertrophy↓ Heart failureEffect on myocarditis?
   Platelets                  ↓ Ca~2~ + influx(degranulation, activation)Megakaryocytes differentiation↑ NO production           ↑ Inflammation, endothelial damagePlatelet activation   ↓ Thrombogenicity
   Thrombosis                 ↓PAI-1 and thrombospondin-1,↑ thrombomodulin                                                       ↑ Inflammation, fibrinogen, TF, TNF-α                   
  **Metabolism**                                                                                                                                                                         
   Glucose                    ↑ Insulin sensitivity↑ Glucose consumption↓ Insular inflammation                                   Stress-induced hyperglycemia                            ↓ Glycemia
   Lipids                     ↓ Cholesterol deposition↑ Reverse cholesterol transportation                                       Malnutrition, hyporexia, hepatic damage                 ↓ Dyslipidemia
   Blood pressure             ↓ Renin↓ ACE-2                                                                                                                                             ↓ Blood pressure and RAS-system
  **Respiratory system**                                                                                                                                                                 
   Lung cells                 ↓ ACE-2 expression ↓ Bradykinins and cytokines                                                     ACE-2 adhesion (door of infection)Pneumocytes damage    ↓ Infections and inflammationPrevents SARS-CoV-2 access?

Like tocilizumab, a drug with promising effects in the treatment of COVID-19, Vitamin D appears to modulate the activity of an IL-6, therefore reducing the acute-phase response associated to a larger pulmonary damage and complications as ARDS or sepsis.[@hcaa234-B59]

In addition, preventing malnutrition associated to hyporexia, which is common among infected people, and maintaining a diverse diet with a broad nutrient profile could aptly alleviate vulnerability to acute and chronic disease.

Ongoing RCTs and large population studies will certainly contribute to shed light on the potential benefits and the most effective therapeutic strategies for the management of patients acutely infected with SARS-CoV-2 virus (<https://clinicaltrials.gov/ct2/show/NCT04334005>; <https://clinicaltrials.gov/ct2/show/NCT04344041>).
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